The growth of plant cells has several unique features. The most characteristic features of the growth processes are observed during cytokinesis and the elongation of plant cells, which are tightly coupled with the formation of new cell walls inside and outside the cells, respectively. The formation of new cell walls both inside and outside cells is thought to be controlled by specifically organized microtubules (13, 52) . These observations suggest that division and growth of plant cells may involve mechanisms characteristic of plants as well as those that function generally in eukaryotic cells. However, an understanding of the molecular mechanisms that regulate these processes in plant cells is almost completely lacking, although plant homologs of yeast genes, such as cdc2 (4, 10, 11, 16, 20, 21) , the cyclin gene (18, 19) , and dis2 of Schizosaccharomyces pombe (39) , which may be involved in the plant cell cycle, have recently been described.
Mechanisms that control the division and growth of yeast and animal cells are now being dissected at the molecular level, although our understanding is still far from complete. Among the factors that are required for cell division and growth, the protein kinase C (PKC) family is ubiquitous in both animals and yeasts and is thought to play a central role in the regulation of cellular functions, which include cell growth (22) . Ten distinct subtypes of mammalian PKC have been reported to date (38) . In addition, genes that encode putative PKCs have been isolated from yeasts: one homolog, designated PKC1, from Saccharomyces cerevisiae (33, 54) and two from the fission yeast S. pombe (48) . Yeast cells depleted of the PKCJ gene product show a cell lysis defect, although a medium with high osmolarity can prevent cells from lysing (32) . Thus, PKC1 is essential for normal growth and division of yeast cells.
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Although mammalian PKC induces the transcriptional activation of a wide array of genes, which include the proto-oncogene c-fos and the gene for collagenase (17, 36) , the processes from activation of PKC to the induction of transcription remain obscure. In yeast cells, a class of dominant suppressor mutations which bypass the requirement for PKCJ in cell division and growth has recently been isolated and the suppressor locus, BCKI (bypass of C kinase), has been characterized (31) . The BCK1 gene is predicted to encode a protein kinase with a putative catalytic domain that has 45% amino acid identity with that of the STEII-encoded protein kinase of S. cerevisiae. The latter protein is required for the response to mating pheromones of haploid yeast cells (34, 41) . Deletion of BCK1 results in a temperature-sensitive cell lysis defect, which is suppressed by osmotic stabilizers such as sorbitol (31) . The pkcl deletion mutants also display a cell lysis defect, but at both low (25°C) and high (35°C) temperatures. On the basis of these observations, it has been proposed that BCK1 might function downstream of PKC1 within the same signal pathway.
However, PKCJ would regulate a bifurcated pathway in which BCKJ functions on one branch (31 (2, 12, 45, 55) . Recently it was revealed that STE7 directly activates FUS3, which belongs to a family of mitogen-activated protein (MAP) kinases, by phosphorylation, (9) . S. pombe also has a mating pheromone response signal pathway, which involves Byr2 (a homolog of STE11), Byrl (a homolog of STE7), and Spkl (a homolog of MAP kinase) (34, 37) . Similarly, the PKC1-and BCK1-activated signal pathway has been shown to contain two additional families of protein kinases that act downstream of BCK1, MKK1 and MKK2 (24) and MPK1 (30) (formerly SLT2 [49] ), which are structurally related to STE7 (and also Byrl) and to FUS3 and KSS1 (and also Spkl), respectively. It has also been shown that activator kinases of MAP kinases (MAPKKs) from mice, rats, and Xenopus spp. share significant amino acid sequence identity with STE7, Byrl, and MKK1 and MKK2 (5, 27, 53 (PCR) . The structure of the sense-oriented primer, which was designed on the basis of the amino acid sequence in subdomain I (GTGSFGRV) of the a-subunit of cAMP-dependent protein kinase from S. cerevisiae (47) , was 5'-GGIACIGGI(T,A)CITT(T,C)GGI(C,A)GIGT-3', and that of the antisense-oriented primer, which was designed on the basis of the sequence of subdomain VII [K(I,L)(A,T)DFG], which is conserved in most protein kinases (15) , was 5'-CC (G,A)AA(G,A)TCIG(T,C)IA(T,G)(T,C)TT-3'. PCR was carried out as previously described (40) , except that amplification was achieved during 30 cycles of 1 min of denaturation at 94°C, 2 min of annealing at 48°C, and 2 min of extension at 72°C. Amplified fragments of DNA of approximately 420 bp were treated with T4 DNA polymerase and ligated to the SmaI site in pUC18, and then the ligated DNA was used to transform Escherichia coli JM109. The DNA inserts of 12 plasmid clones were sequenced. Two clones had nucleotide sequences that potentially encoded protein kinases, but they were different from each other. These plasmid clones were named pUC-CA4 and pUC-CA7, but in the present study only pUC-CA7 was used in subsequent experiments.
cDNA cloning. First-strand cDNA was synthesized from poly(A)+ RNA from BY-2 cells harvested in the mid-logarithmic phase by Moloney murine leukemia virus RNase reverse transcriptase (Bethesda Research Laboratories, Gaithersburg, Md.) under the conditions recommended by the manufacturer. Second-strand cDNA was also synthesized by the protocol recommended by Bethesda Research Laboratories. A 20-,ul volume of the first-strand mixture was added to 140 ,ul of the second-strand mixture [21.5 mM Tris-HCl (pH 6.9)-104 mM KCl-5.3 mM MgCl2-171 ,uM P-NAD-11.4 mM (NH4)2SO4-0.21 mM each mixed deoxynucleoside triphosphate-4.3 mM dithiothreitol-15 U of E. coli DNA ligase (Takara Shuzo Co. Ltd., Kyoto, Japan)-40 U of E. coli DNA polymerase I (Takara Shuzo)-1.5 U of RNase H (Takara Shuzo)]. This reaction mixture was incubated at 16°C for 2 h, and then the double-stranded cDNA was blunted with T4 DNA polymerase. After the EcoRINotI-BamHI adaptor (Takara Shuzo) had been ligated to the cDNA, the cDNA was inserted into the EcoRI site of XgtlO (Stratagene, La Jolla, Calif.). About 8 x 105 plaques were screened with the 32P-labelled CA7 DNA fragment (see Fig.  1 ). The CA7 DNA fragment was isolated, for use as a probe, by digesting pUC-CA7 DNA with HincII, which can cleave the plasmid at the multiple cloning site of pUC18 and at a site near the opposite end of the CA7 sequence. A total of 13 X-phage clones that gave positive signals were isolated. DNAs of the recombinant phages were purified and digested with NotI. The NotI fragments were subcloned into the NotI site of Bluescript SK-(Stratagene). Two plasmids (pNPK1-#6 and pNPK1-#13) were used for molecular analysis in the present study.
Plasmids. To generate the deletion mutant cNPK1A374 (see Fig. 2 ), pNPK1-#6 DNA was treated with EcoO109I, which can cleave the cDNA at nucleotide position 1166 (see Fig. 1 ), and then the linearized DNA was blunted with T4 DNA polymerase. The DNA segment corresponding to the kinase domain was obtained by digesting the linearized pNPK1-#6 DNA with XbaI, which can cleave within the multiple cloning site in Bluescript SK-. This DNA fragment was reinserted between the SpeI site, which had been filled in by Klenow enzyme, and the XbaI site of Bluescript SKto create a stop codon, in frame, immediately after the Thr-373 codon. The critical portion of the DNA of the TOBACCO BCK1-AND STEll-RELATED GENE plasmid that had been constructed in this way was sequenced to confirm the presence of the anticipated termination codon. YEpGAP-NPK1 and YEpGAP-A374 were constructed by inserting the DNA fragment that contained cNPK1 or cNPK1A374 into the yeast expression vector YEpGAP112, which carries a cDNA cloning site between the promoter of the TDH3 gene (the gene for glyceraldehyde 3-phosphate dehydrogenase) and the TDH3 terminator, the origin of replication of the S. cerevisiae 2,um plasmid and TRPI. pRS314[BCKJ] (31) includes the BCK1 gene in the centromeric plasmid pRS314 (44) . YEp352[PKC1] includes the PKC1 gene in YEp352. pSTE11.1 (3) includes the STEII gene in YEp13.
Southern blot analysis and RNA blot analysis. RNA blot analysis was carried out as previously described (46) with the 2P-labelled CA7 DNA fragment (see "cDNA cloning" above) used as the probe.
DNA sequencing. Nucleotide sequences of both strands of cNPK1 in pNPK1-#6 and pNPK1-#13 were determined by the dideoxy chain termination method (43) .
RESULTS
Isolation of cDNAs that encode putative protein kinases of tobacco. We prepared cDNAs from mRNA that had been isolated from suspension cultures of the tobacco cell line BY-2, and then we amplified DNA fragments by PCR with synthetic oligonucleotide primers, the sequences of which had been deduced from consensus amino acid sequences for PKC or cAMP-dependent protein kinase (see Materials and Methods). On the basis of an analysis of nucleotide sequences of the PCR fragments which were cloned into plasmids, inserts in five plasmid clones were judged to encode portions of protein kinases because of their structural similarities to the conserved domains of members of the protein kinase family. However, PCR yielded no fragments with a reading frame that potentially encoded the expected protein kinases, such as PKC (unpublished observation). The DNA segment (CA7) in one plasmid clone, pUC-CA7, was predicted to encode an amino acid sequence that was homologous to that of the catalytic domains of the BCK1 and STEll protein kinases of S. cerevisiae (31, 41) . In the present study, we examined in detail a cDNA clone that was isolated from a cDNA library, prepared from poly(A)+ mRNA from suspension cultures of tobacco cell line BY-2, by using the CA7 DNA fragment as a probe.
Nucleotide sequence of the cDNA and the deduced amino acid sequence. Two independently isolated plasmid clones (clones 6 and 13), containing cDNAs that corresponded to an almost-full-length (approximately 2,600-nucleotide) CA7-hybridizing mRNA (see Fig. SC ), were isolated, and their nucleotide sequences were determined. The nucleotide sequences of the two cDNA clones were identical, except that the cDNA in clone 6 was 20 nucleotides longer at the 5' end than that in clone 13. Figure 1 represents the entire nucleotide sequence of the cDNA in clone 6. It is predicted to encode 690 amino acid residues if the coding region begins with the ATG codon near the 5' end, which is located at nucleotide position 53 ( Fig. 1) . We designated the cDNA in clone 6 cNPK1 and the corresponding tobacco gene NPK1.
The N-terminal half (amino acid residues 78 to 327) of the predicted protein exhibits strong homology to the catalytic domains of members of the protein kinase family (15) . The catalytic domain of NPK1 includes the amino acid sequences DIKGAN, GTPYWMAPE, and DIWSVG, which are similar to those of subdomain VIb (DLKXXN), subdomain VIII (GT/SXXY/FXAPE), and subdomain IX (DXWSXG), respectively, which are characteristic of the serine-threonine protein kinases (15) . Therefore, it is likely that the NPKI gene encodes a protein kinase which is probably a member of the serine-threonine family.
A search for sequences with homology to the amino acid sequence of the predicted NPK1 protein was made by using the GenBank data base 71. As shown in Fig. 2A , significant amino acid sequence homology was found between the putative catalytic domain of NPK1 and the catalytic domains of the STEll protein kinase (48% identical) and the BCK1 protein kinase (44% identical) of S. cerevisiae (31, 41) and the Byr2 protein kinase (47% identical) of S. pombe (51) .
The predicted NPK1 protein has kinase-unrelated regions in the N-terminal region (amino acid residues 1 to 77) and the C-terminal half (amino acid residues 328 to 690) (Fig. 2B) . The STE11, BCK1, and Byr2 proteins also have large kinase-unrelated regions in their N-terminal halves, which are thought to control their protein kinase activity. In contrast to the catalytic domains of these protein kinases, among which homology is found, the kinase-unrelated region of NPK1 exhibits no apparent homology to those of BCK1, STE11, and Byr2.
Functional analysis of the NPK1 gene with mutants of S.
cerevisiae. To express cNPK1 in yeast cells, the DNA fragment containing the entire length of cNPK1 was joined to the constitutively active TDH3 promoter in the yeast vector YEpGAP112 (see Materials and Methods). The same cDNA, without the nucleotide sequence that corresponds to the kinase-unrelated region (amino acid positions 374 to 690) (referred to as cNPK1A374 [ Fig. 2B]) , was also linked to this promoter. The resulting constructs were introduced into yeast strains bearing a bckl or a pkcl deletion (bcklA or pkcl,A) or a temperature-sensitive stell mutation.
The bcklA mutant cells carrying these constructs were examined for their ability to grow at 35°C in the presence and absence of sorbitol, since yeast cells defective in BCKI exhibit temperature-sensitive cell lysis that is prevented by high osmolarity. The mutant cannot grow at 35°C without osmotic support, but it can grow in the presence of 1 M sorbitol. Figure 3A shows that the bcklA mutant cells carrying either the full-length cNPK1 or cNPK1A374 were able to grow in the absence of sorbitol, although the extent of complementation by cNPK1A374 was greater than that by the full-length cNPK1. These results indicate that overexpression of either cDNA sequence complemented the bckl A mutation of the yeast.
We also examined whether overexpression of these NPK1 constructs could complement a stell mutation. Figure 3B shows that neither the full-length cNPK1 nor cNPK1A374 was able to restore mating ability to a temperature-sensitive stell mutant. Thus, overexpression of the cNPK1 constructs specifically complements the bcklA mutation.
Subsequently, we examined the effects of overexpressing cNPK1 and cNPK1A374 on the growth ofpkcl A mutant cells in the presence and absence of sorbitol, because these cells also display a cell lysis defect. As shown in Fig. 4 , a small fraction of the pkclA mutant cells that carried cNPK1A374 grew in the absence of sorbitol, while no transformants with the full-length cNPK1 or the vector plasmid grew under the same conditions. These results indicate that the protein encoded by cNPK1A374 has the ability to suppress the growth defect of the pkclA mutant, although such suppression is weak. In addition, the observation that only cNPK1A374 suppressed the pkclA mutation, taken together with the fact that the extent of complementation of the bcklA VOL. 13, 1993 (15) . Double underlining indicates amino acid residues that are conserved in 39 or more of the 42 known tyrosine protein kinases. mutation by cNPK1A374 was higher than that by the fulllength cDNA, suggests that the predicted truncated protein encoded by cNPK1A374 is a deregulated form of the protein kinase. The C-terminal half of NPK1 may be involved in the regulation of protein kinase activity.
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NPKI genes in Nicotiana species. To estimate the number of copies of the NPKI gene in the tobacco genome, Southern blot analysis was carried out with genomic DNA from Nicotiana tabacum. Figure 5A shows that the labelled probe DNA hybridized with two bands from the N. tabacum genomic DNA that had been digested with restriction enzymes that do not cleave within the cNPK1 sequence which corresponds to the probe. Thus, it appears that N. tabacum contains two copies of NPKI-related genes. Genomic DNAs from Nicotiana sylvestris and Nicotiana tomentosiformis were also analyzed, since N. tabacum is an amphidiploid plant that contains two sets of genomes, one from N. sylvestnis and the other from N. tomentosifonnis (Fig. SB) .
A single hybridization signal, which corresponded to one of the two signals from N. tabacum, was found for each of the two parental species. Therefore, the two genes in N. tabacum are probably derived from the two parental species.
Sites of expression of the NPKI gene. Poly(A)+ RNA was purified from suspension cultures of BY-2 cells at various stages of growth: early logarithmic phase (1 day after the transfer of late-stationary-phase cells to fresh medium), mid-logarithmic phase (3 days), early stationary phase (5 days), and late stationary phase (7 days) (Fig. 6A) . The poly(A)+ RNA was then subjected to Northern (RNA) blot analysis. Figure 6B shows that NPKI expression is highest during logarithmic phase and decreases as cells enter stationary phase. No expression was detected in cells at late stationary phase. We also examined the expression of NPKI in mature leaves, stems, and roots of adult tobacco plants. Hybridization signals were detected with RNA from stems and roots but not with RNA from mature leaves (Fig. 6C) .
DISCUSSION
We describe a tobacco gene, NPK1, which appears to encode a new protein kinase. Since Southern blot analysis showed that Arabidopsis, maize, and rice genes also have sequences that are homologous to the NPKI gene (unpub- lished data), NPKl-related genes are probably present in many plant species.
The predicted NPK1 protein displays structural similarity within its putative catalytic domain to the protein kinases encoded by BCK1 and STEll of S. cerevisiae and byr2 of S. pombe. Overexpression of a C-terminal truncation of cNPK1 restored the ability of a yeast bcklA mutant to grow normally but neither complemented a stell mutation (Fig. 3) nor activated transcription of a pheromone-inducible reporter gene (fusl-lacZ) (data not shown). We also examined the effect of overexpressing cNPK1 in a mutant lacking the MPK1 gene, which has been shown recently to act downstream of BCK1 in budding yeast (30) . Overexpression of cNPK1 failed to suppress the mpkl mutation (unpublished data). These results indicate that the observed complementation is due to specific activation of the BCK1-mediated signaling pathway by the cNPK1 products but is not due to nonspecific phosphorylation by overexpression of the cNPK1 constructs in yeast cells. In addition, expression of cNPK1A374 suppressed the pkclA mutation, but only weakly compared with the dominant BCK1 mutants (31 (10 ,ug each) of genomic DNA from each of the Nicotiana species indicated were digested with EcoRI. The digested DNAs were fractionated on a 0.7% agarose gel, transferred to a nylon membrane, and probed with 32P-labelled CA7 DNA (Fig. 1). duction in the elicitor-induced synthesis of phytoalexin has been reported (28) , and an enzyme with activity similar to that of PKC has been partially purified from Amaranthus tricolor (8) .
Although NPK1 failed to suppress the stell mutation, the data distinguishing which isotype NPK1 represents may be ambiguous. The (Fig. 6C) (9, 12, 30) . cDNAs that encode plant homologs of MAP kinase have recently been isolated from Medicago sativa (alfalfa) (7) and Arabidopsis thaliana (35) , and protein kinase activity of the product from theArabidopsis cDNA was shown to be activated by animal MAPKK (35 
